Environmental gradients can drive adaptive evolutionary shifts in plant resource allocation 25 among growth, reproduction, and herbivore resistance. However, few studies have attempted to 26 connect these adaptations to the underlying physiological and genetic mechanisms. Here, we 27 evaluate potential mechanisms underlying a coordinated locally adaptive shift between growth, 28 reproduction, and herbivore defense in the yellow monkeyflower, Mimulus guttatus. Through 29 manipulative laboratory experiments we found that gibberellin (GA) growth hormones may play 30 a role in the developmental divergence between coastal perennial and inland annual ecotypes of 31 M. guttatus. Further, we detected an interaction between a locally adaptive chromosomal 32 inversion, DIV1, and GA addition. This finding is consistent with the inversion contributing to 33 the evolution of growth form via an interaction with the GA pathway. Finally, we found 34 evidence that the DIV1 inversion is partially responsible for a coordinated shift in the divergence 35 of growth, reproduction, and herbivore resistance traits between coastal perennial and inland 36 annual M. guttatus. The inversion has already been established to have a substantial impact on 37 the life-history shift between long-term growth and rapid reproduction in this system. Here, we 38 demonstrate that the DIV1 inversion also has sizable impacts on both the total abundance and 39 profile of phytochemical compounds involved in herbivore resistance. 40 41 42 43 44 45 46 47
less into the production of leaves before flowering than coastal perennials . 120
It should be noted that a smaller number of inland populations in the Coast Ranges do reside in 121 rivers and perennials seeps and have a perennial life-history. Farther inland, perennial 122 populations are more common, especially in high elevation streams and hot springs of the Sierra 123 and Cascade Mountains (Oneal et al. 2014) . 124 125 While perennial populations invest more into vegetative growth than reproductive growth, they 126 also invest more heavily in defending their vegetative tissues. Perennial populations have higher 127 levels of both constitutive and induced defensive phenylpropanoid glycoside (PPG) compounds 128 than the annual populations when grown in a common environment (Holeski et al. 2013 ). This 129 pattern of highly defended plants in wetter habitats with long growing seasons versus poorly 130 defended plants in dry habitats with short growing seasons is consistent with an optimal defense 131 7 DIV1 has the largest effect on the most traits and has thus been more extensively studied than 139 DIV2. DIV1 is a large paracentric chromosomal inversion that plays a pivotal role in the annual 140 versus perennial life-history divergence described above . The inversion 141 is at minimum 6.3 Mbp in length along linkage group 8 (LG8) and contains at least 785 142 annotated genes. In hybrids, DIV1 has a major effect on growth rate including the adaptive 143 flowering time phenotype, explaining 21% to 48% of the divergence between inland annual and 144 coastal perennial parents . In addition to flowering time, the DIV1 145 inversion has major effects on multiple traits involved in the evolutionary shift from more 146 allocation of resources to long-term growth versus reproduction (Lowry and Willis 2010). These 147 traits include the production of lateral stolons, adventitious roots, and leaf size (Lowry and Willis 148 2010; . Recent outlier analysis of coastal perennial and inland annual 149 populations identified candidate genes in the gibberellin pathway that may underlie a pleiotropic 150 shift in allocation between growth and reproduction (Gould et al. 2017) . 151
152
In this study, we evaluate the role of GA in the divergence of growth morphology and herbivore 153 resistance between perennial and annual ecotypes of M. guttatus. We then test whether there is 154 an interaction between the DIV1 inversion and GA addition, which would be consistent with the 155 inversion contributing to the evolution of shifts in allocation between long-term growth and 156 reproduction via effects on the GA pathway. Finally, we examined whether the DIV1 inversion is 157 responsible for the shift in allocation between reproduction and defense that has been broadly 158 observed for populations of M. guttatus that vary in growing season length (Lowry et al. 2008 ; For comparisons among ecotypes, we utilized single family population accessions derived from 165 five coastal perennial, four inland annual, and two inland perennial populations of M. guttatus 166 (Fig. 1) . The locations from where population accessions were collected are listed in Table S1 . 167
Previous population structure analyses found that coastal perennial populations of M. guttatus 168 are more closely related to each other than they are to the inland populations (Lowry et al. 2008; 169 Twyford and Friedman 2015). Thus, the coastal populations collectively constitute a distinct 170 locally adapted ecotype (Lowry 2012) . In contrast, population structure between inland annuals 171 and inland perennial populations is generally low . However, 172 particular regions of the genome, including an adaptive chromosomal inversion (DIV1, discussed 173 below) are more differentiated between inland annuals and perennials (Oneal et al. 2014; 174 Twyford and Friedman 2015). We therefore consider inland annuals and inland perennials as 175 different ecotypes as well. 176
177
To understand the phenotypic effects of the DIV1 inversion, Lowry and Willis (2010) previously 178 created near-isogenic lines (NILs). The NILs are the product of crosses between inbred lines 179 from the coastal perennial SWB population and the nearby inland annual LMC population. F1 180 hybrids were recurrently backcrossed to both of their respective parents for four generations. 181
Heterozygous fourth generation backcrosses were then self-fertilized to produce two types of 182 NILs: 1) Individuals that were homozygous for the introgressed allele of DIV1 (Introgression-183 NILs) and 2) Individuals that were homozygous for the DIV1 allele of the genetic background 184 9 (henceforth referred to as Control-NILs total number of stolons, length of the longest aerial branch, length of the longest stolon, and the 207 length and width of the longest leaf at the second node. Ten days after first flower, we quantified 208 the same traits as at first flower, with the following exceptions: Length and width of corollas 209 were not quantified, but we did count the total number of flowers. 210
211
Results were analyzed with JMP 12.2.0 (SAS Institute, Cary, NC). To gain a general 212 understanding of the effect of GA addition on coastal perennial, inland annual, and inland 213 perennial ecotypes, we conducted principle components analyses using all traits measured 10 214 days after flowering plus the width and length of corollas measured at flowering. We did not use 215 the other traits measured at first flower to avoid including repeated measures in the principle 216 components analysis. We saved the first three PCs from the analysis of all individuals. To 217 understand the effects of accession, ecotype, and GA treatment on PCs, we fit standard least 218 squares models. Each of the three PCs were modeled as response variables to the following 219 factors and interactions: accession (nested within ecotype), ecotype (coastal perennial, inland 220 annual, inland perennial), treatment, accession x treatment, and ecotype x treatment. Following 221 our PC analysis, we fit the same model for individual traits. 222 223
Interactions of GA application with the adaptive DIV1 inversion 224
We grew coastal (S1) and inland (L1) parental inbred lines along with the NILs derived from 225 those lines in a fully randomized design in the Michigan State University greenhouses, with 16-226 hours of supplemental lighting. We focused on the effect of the inversion in the coastal perennial 227 genetic background, as a previous study had shown that the effect of the inversion had the 228 greatest effect in the perennial genetic background (Friedman 2014) . Following transplantation, 229 11 seedlings were sprayed with GA or a mock water treatment every other day and traits were 230 quantified in the same way as for the comparing population accessions. 231
232
To establish how trait variation of the coastal and inland parental lines was influenced by the GA 233 treatment, we conducted a PC analysis with the parental lines. As for the analysis with multiple 234 population accessions (above), we conducted principle components analyses using all traits 235 measured 10 days after flowering plus the width and length of corollas measured at flowering. 236
Models were fit with the first three PCs and individual traits as response variables to the 237 following factors: line, treatment, and the line x treatment interaction. Following analysis of the 238 parental lines, we analyzed the effects of the inversion in the perennial genetic background NILs. 239
As above, we first conducted a PC-based analysis and saved the first three PCs. We then fit the 240 first three PCs and individual traits as response variables for the following factors: inversion 241 type, treatment, and the inversion type x treatment interaction. 242 243
Effects of the DIV1 inversion on resistance compound concentrations 244
To evaluate the effects of the DIV1 inversion on the production of herbivore resistance 245 compounds, we conducted an experiment using the inversion NILs. Seeds were stratified, 246 germinated, and transplanted following the same protocols as in the previous two experiments. In 247 contrast to the GA NIL experiment, we grew outbred NILs which were created by intercrossing 248 independently derived NILs. As for the GA experiment, we focused our study on the effect of the 249 inversion in the perennial genetic background. The details of how outbred NILs were generated 250 can be found in Lowry and Willis (2010) . Here, we used the outbred NILs made by intercrossing 251 12 S2 and S3 derived coastal genetic background NILs. We used intercrosses between L2 and L3 252 for the inland parents and between S2 and S3 for the coastal perennial parent comparisons. 253
254
To ensure that enough leaf tissue was available for analyses, outbred NILs and outbred parents 255 were allowed to flower prior to the collections for PPG quantification. Collected leaf tissue was 256 lyophilized for two days and then shipped to Northern Arizona University for analyses. We 257 ground the leaf tissue using a 1600 MiniG (Spex, Metuchen, New Jersey). Extractions were 258 conducted in methanol, as described in Holeski et al. 2013 Holeski et al. , 2014 . We quantified PPGs using high 259 performance liquid chromatography (HPLC), via an Agilent 1260 HPLC (Agilent Technologies, 260 Santa Clara, California) with a diode array detector and Poroshell 120 EC-C18 analytical column 261 (4.6 x 250mm, 2.7µm particle size) maintained at 30°C. HPLC run conditions, as were described 262 in Kooyers et al. (2017) . We calculated concentrations of PPGs as verbascoside equivalents, 263 using a standard verbascoside solution (Santa Cruz Biotechnology, Dallas, Texas), as described 264 Table S2 ). The ecotype effect was highly significant for 275 PC1 (F2,226 = 333.64, P < 0.0001; Table 1 ). Within ecotype, there was a significant effect of 276 accession on PC1 (F8,226 = 20.12, P < 0.0001), and there was a significant effect of the GA 277 treatment on PC1 (F1,226 = 25.75, P < 0.0001). While there was a significant accession x 278 treatment effect on PC1 (F8,226 = 3.36, P = 0.0012), the treatment x ecotype effect was not 279 significant (P > 0.05). In contrast to PC1, both of the interactions were significant for PC2 280 (Eigenvalue = 3.463; accession x treatment: F8,226 = 8.18, P < 0.0001; ecotype x treatment: F2,226 281 = 6.20, P = 0.0024; Fig. 2A ) and PC3 (Eigenvalue = 2.01; accession x treatment: F8,226 = 2.92; P 282 = 0.0040, ecotype x treatment: F2,226 = 41.64, P < 0.0001; Fig. 2B ). Second and third internode 283 length, plant height, the total number of adventitious roots at the first nodes, total number of 284 stoloniferous nodes sprouting adventitious roots, total number of aerial branches, total number of 285 stolons, and the length of the longest aerial branch all heavily loaded (> 0.40) onto PC2 (Table  286 S2). Third internode length, total number of aerial branches, total number of stolons, and leaf 287 width heavily loaded onto PC3 (Table S2) . 288
289
The results of the individual traits analyses were largely consistent with the principle 290 components analyses. Ecotype had a significant effect on all traits except for third internode 291 length. There was a significant accession effect for every trait that we measured in the 292 experiment. The GA treatment had a significant effect on 16 out of 19 traits at first flower and 12 293 out of 18 traits measured at 10 days after first flower (Table 1) . The most pronounced changes of 294 the plants in response to the GA treatment was an increase in plant height and a conversion of 295 lateral branches from adventitious root-making stolon branches into unpcurved aerial branches 296 ( Fig. 2C ). As the perennials typically have more stolons with adventitious roots than the annuals, 297 14 they were generally more obviously affected by the GA treatment. This effect was captured 298 through the significant ecotype x treatment interactions on plant height. It should be noted that 299 the effect of GA varied across accessions within ecotype. The coastal PGR accession is the 300 tallest coastal accession with the fewest stolons (Table 1 ; Fig. 2C ). Thus, it was affected the least 301 by the GA treatment. In contrast, OPB is a short prostrate coastal accession and was dramatically 302 affected by the GA treatment ( Fig. 2C ). Among the inland annual accession, SWC showed the 303 greatest response to the GA treatment in terms of height and aerial branch formation. 304 305
Interactions of GA application with the adaptive DIV1 inversion 306
Consistent with previous studies (Lowry and Willis 2010; Friedman 2014), the coastal perennial 307 (SWB S1) and inland annual (LMC L1) lines were highly divergent in morphological traits and 308 the two lines were differentiated strongly along PC1 (F1,168 = 416.81, P < 0.0001). Similar to the 309 accession analyses (above), the line x treatment interaction was not significant for PC1, but was 310 highly significant for PC2 (F1,168 = 85.57, P < 0.0001) and PC3 (F1,168 = 13.54, P < 0.0001). The 311 line x treatment interactions was also significant for 16 out of the 19 traits measured at flowering 312 and 12 out of the 18 traits measured 10 days after flowering. Overall, the coastal perennial line 313 (S1) responded more strongly to GA treatment, just as we found across coastal and inland 314 populations more generally (above). 315
316
The DIV1 chromosomal inversion is one of many loci responsible for divergence between the 317 annual and perennial ecotypes. Thus, main effects and interactions in the NILs were expected to 318 be subtler than for the parental lines. As in previous studies (Lowry and Willis 2010; Friedman 319 2014), the inversion had significant effects on morphology, with highly significant main effects 320 15 on PC1 (F1,173 = 35.44, P < 0.0001; Table 2 , S3) and PC3 (F1,173 = 37.55, P < 0.0001). The GA 321 treatment had significant effects on PC1 (F1,173 = 16.76, P < 0.0001) and PC2 (F1,173 = 489.50, P 322 < 0.0001). There were weak, but significant, line x treatment interactions for PC2 (F1,173 = 4.13, 323 P = 0.0437; Fig. 3A ) and PC3 (F1,173 = 4.17, P = 0.0427). While the line x treatment effect on the 324 morphological PCs was marginal, the effect was greater for some of the individual traits ( Fig. 3 ; 325 Table 2 ). 326 327
Effects of the DIV1 inversion on resistance compound concentrations 328
We quantified the concentrations of seven PPGs (Table 3) . Consistent with our previous 329 observations (Holeski et al. 2013 ), the coastal perennial parental (SWB) plants produced 2.5 330 times more total PPGs than the inland annual parental (LMC) plants (F1,31 = 51.03; P < 0.0001; 331 Table 3 ; Fig. 4 ). There were also significant differences for six out of seven of the PPGs between 332 the coastal perennial (SWB) and inland annual (LMC) parental lines. 333 334 Analysis of the DIV1 NILs revealed that the introgressed region containing the inversion had 335 major effects on foliar concentrations of PPGs. Control NILs that were homozygous for the 336 coastal orientation of the DIV1 inversion produced 35% higher concentrations of total PPGs than 337 the introgression NILs, which were homozygous for the inland DIV1 orientation (F1,87 = 22.70; P 338 < 0.0001). In addition, the DIV1 locus had significant effects on four out of the seven individual 339
PPGs. Interestingly, the control NILs had higher concentrations of conandroside and 340 mimuloside, but lower concentrations of calceolarioside A and unknown PPG10, than the 341 introgression NILs (Table 3) . Thus, the DIV1 inversion influences both the total concentration of 342
PPGs as well as the composition of suites of these PPGs. 343 16 344
DISCUSSION 345
In this study, we identified a potential genetic mechanism underlying a coordinated evolutionary 346 shift between growth, reproduction, and herbivore resistance in the M. guttatus species complex. 347
We found that GA has the potential to play a role in the divergence between coastal perennial 348 and inland annual ecotypes of M. guttatus, with coastal and inland plants responding differently 349 to the addition of GA for a number of phenotypic traits associated with shifts between long-term 350 growth and reproduction. Further, we detected an interaction between the locally adaptive DIV1 351 inversion and GA addition, which is consistent with the inversion contributing to the evolution of 352 growth form by modulating the GA pathway. Finally, we found evidence that the DIV1 inversion 353 contributes to the trade-off between growth, reproduction and resistance. The coastal orientation 354 of the DIV1 inversion causes plants to allocate more to long-term growth and herbivore 355 resistance over rapid reproduction than for the inland inversion orientation. We discuss these 356 findings in the context of the broader literature below. Two other recent studies have also found potential pleiotropic effects of genes on allocation to 414 reproduction and herbivore resistance. Rasmann et al. (2018) found that NILs containing genetic 415 variants of the Flowering Locus C (FLC) gene in Cardamine hirsute are responsible for a trade-416 off between early flowering and herbivore resistance in terms of glucosinolate production. 417 Kerwin et al. (2015) found that there was a positive correlation in Arabidopsis thaliana between 418 glucosinalate production and flowering time for mutant alleles of genes in the glucosinolate 419 biosynthetic pathway. Overall, both of these studies identified the same trade-off of rapid 420 reproduction versus herbivore resistance that we found in our study, although mediated through 421 independent genetic mechanisms. 
